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E-mail address: noel.morgan@pms.ac.uk (N.G. MorFatty acids inﬂuence the viability of eukaryotic cells differentially such that long chain saturated
molecules are poorly tolerated, whereas unsaturated species are less detrimental and can be cyto-
protective. The basis for these effects is unclear but studies in yeast imply that they reﬂect the spatial
conﬁguration of the molecules when incorporated into the ER membrane. Using BRIN-BD11 b-cells,
we show that a wide range of unsaturated free fatty acids and their methyl-esters (having differing
chain length and disposition of the double bonds) elicit cytoprotection and relief of protein kinase
RNA-like endoplasmic reticulum kinase-dependent ER stress. Thus, both physical properties and
speciﬁc signalling events may regulate fatty acid responses in b-cells.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Fatty acids can inﬂuence the growth and viability of a wide vari-
ety of eukaryotic cells ranging fromyeast to human [1–3]. In general,
elevated levels of long chain saturated species are poorly tolerated
by cells, such that chronic exposure results in impaired functionality
and ultimate loss of viability. By contrast, the presence ofmono- and
poly-unsaturated fatty acids is usually less detrimental and these
molecules can be directly cytoprotective [3–8]. Despite this weight
of evidence, it has not been established how saturated and unsatu-
rated fatty acids differentially inﬂuence cell viability nor have the
structure–activity relationships that underlie the cytoprotective ac-
tions of unsaturated fatty acids been deﬁned completely.
In an important study designed to address these issues, Deguil
et al. [2] have exploited a yeastmodelwhich is deﬁcient in fatty acid
desaturase activity, to investigate the structural requirements to re-
store growth upon addition of exogenous fatty acids. They con-
ﬁrmed that saturated species do not restore growth but showed
that various unsaturated fatty acids are able to do so. These effectschemical Societies. Published by E
hexanoic acid; PERK, protein
edical and Clinical Science,
uth PL6 8BU, UK.
gan).correlated, in part, with alterations in endoplasmic reticulum (ER)
stress response and, as such, they recapitulate many of the effects
of fatty acids reported in pancreatic b-cells [1,9]. On this basis, it
was suggested that similar molecular mechanisms may operate to
regulate growth and viability both in yeast and mammalian cells,
during exposure to fatty acids.
Deguil et al. deﬁned the spatial features required to control ER
stress responses by fatty acids and proposed that important
parameters include the chain length and folding energy (dGfolding)
[2]. Upon incorporation of each fatty acid into the lipid bilayer,
these factors inﬂuence the structural organisation and ﬂuidity of
the ER membrane to regulate ER stress. Hence, it was proposed
that the shape and geometry of individual fatty acids are the prin-
cipal parameters which determine their ability to impose ER stress
and to regulate cell viability.
Wehave studied ER stress responses and cell viability during cul-
ture of the pancreatic b-cell line, BRIN-BD11, with fatty acids and
have shown that long chain saturates promote ER stress while var-
ious mono-unsaturated species oppose this [9]. At one level, these
results clearly support the model developed in yeast but it is also
evident that differences exist between responses measured in yeast
and those seen in b-cells. For example, oleic acid is the most effec-
tive unsaturated fatty acid for restoration of yeast cell growth but
palmitoleic acid (C16:1) is ineffective. This appears to contrast with
the situation in pancreatic b-cells where palmitoleate attenuates ERlsevier B.V. All rights reserved.
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ever, it is important to note that, despite its failure to stimulate
growth in yeast, palmitoleate still attenuated ER stress in this organ-
ism [2] suggesting that different intracellular processes may regu-
late the growth and ER stress responses in yeast.
In view of these considerations, we have now further evaluated
the actions of mono- and poly-unsaturated fatty acids in BRIN-
BD11 cells as a means to assess the extent to which the struc-
ture–activity relationships deﬁned previously in yeast for regula-
tion of ER stress may also apply to b-cells.
2. Materials and methods
2.1. Materials
RPMI-1640 medium, penicillin/streptomycin, glutamine, Nu-
PAGE Novex Bis-Tris Gels and NuPAGE MES running SDS buf-
fer were from Invitrogen, foetal calf serum from PAA
Laboratories; fatty acid-free bovine serum albumin and palmitol-
eate from MP Biomedicals. PVDF membrane was from Bio-Rad,
antisera (phospho-eIF2a and eIF2a (cat Nos. 9721S and 9722S))
from Cell Signalling (New England Biolabs) and stripping buffer
(Re-Blot Plus-Strong) from Millipore. All other reagents were from
Sigma.
2.2. Cell culture, incubation and analysis of viability
BRIN-BD11 cells were cultured in RPMI-1640 medium contain-
ing 11 mM glucose supplemented with 10% foetal bovine serum,
2 mM L-glutamine, 100 U/ml penicillin and 100 lg/ml streptomy-
cin. For cell viability experiments, cells were seeded at a density
of 0.5  105 cells/ml in six-well plates in complete medium for
24 h. After this period, the medium was removed and replaced
by serum free medium containing appropriate fatty acid–BSA
complexes. Fatty acids stocks were prepared in ethanol and then
bound to fatty acid free BSA by incubation at 37 C for 1 h. The
ﬁnal concentration of BSA used for cell incubations was main-
tained at 1% and ethanol was 0.5%. Relevant vehicle (BSA plusFig. 1. Effect of variation in the number and position of double bonds on the cytoprotect
palmitate in the presence of increasing concentrations of (A) oleic acid (C18:n1) linoleic a
acid (C18:n1;11). Cell viability was analysed after 18 h.ethanol) controls were included in each experiment [6–8,10]. Cell
death was quantiﬁed by ﬂow cytometry after propidium iodide
staining [8].
2.3. Western blotting
2  106 BRIN-BD11 cells were seeded into 25 cm3 ﬂasks in com-
plete medium for 24 h. The medium was then removed and re-
placed by serum free medium containing appropriate fatty acid–
BSA complexes for 6 h. At the end of this incubation period whole
cell protein was extracted (lysis buffer–20 mM Tris, 150 mM NaCl,
1 mM EDTA and 1% Triton-X) and resolved on 12% NuPAGE No-
vex Bis-Tris Gels (Invitrogen) before transfer to PVDF membrane
and probing with anti-phospho-eIF2a antibody. Membranes were
then stripped, probed for total eIF2a and analysed by densitometry
(Fluor-S Multi-imager analysis system with Quantity One soft-
ware; Biorad UK Ltd.).
2.4. Statistical analysis
All experiments were performed on three separate occasions
using either duplicates or triplicates for each experimental condi-
tion. Results are presented either as representative Western blots
or, for viability studies, as mean values ± S.E.M.
3. Results
As expected [8], the C18 mono-unsaturate, oleate (C18:1), po-
tently protected BRIN-BD11 cells against palmitate-induced cyto-
toxicity (Fig. 1). However, unlike the situation with respect to
growth restoration in yeast [2], this response was altered only
marginally when additional double bonds were introduced into
the carbon chain of the fatty acid. Thus, either linoleic (C18:2) or
c-linolenic (C18:3) acids were also cytoprotective (Fig. 1A). Simi-
larly, variants of C18:1 fatty acids in which the double bond was
located at different positions along the carbon chain (e.g. oleic acid
(C18:1;n-9), vaccenic acid (C18:1;n-11), petroselinic acid
(C18:1;n-6)) were also cytoprotective (Fig. 1B). Therefore, in theive actions of C18 unsaturated fatty acids. BRIN-BD11 cells were exposed to 250 lM
cid (C18:n2) or c-linolenic acid (C18:n3); (B) petroselinic acid (C18:n1;6) or vaccenic
Fig. 2. Cytoprotective actions of C18 and C19 mono-unsaturated fatty acids. BRIN-
BD11 cells were exposed to increasing concentrations of either oleic acid (C18:n1;9)
or acid nonadecanoic acid (C19:n1;10) in the presence of 250 lM palmitate for 18 h
prior to analysis of cell viability.
Fig. 3. Effect of short chain saturated fatty acids and a poorly metabolisable
derivative of palmitate on phosphorylation of eIF2a. BRIN-BD11cells were incu-
bated under control conditions (C) or with 250 lM of each of palmitate (C16:0) (P),
myristate (C14:0) (M), laurate (C12:0) (L) or the methyl-ester of palmitate (Me-P)
for 6 h. Protein extracts were probed with antisera to phospho- or total-eIF2a and
the bands quantiﬁed by densitometry.
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present within the molecule exerts only a minimal effect on their
cytoprotective actions in BRIN-BD11 cells. Moreover, extension of
the carbon chain from C18:1;n-9 to C19:1;n-10 did not lead to
the loss of cytoprotection (Fig. 2). On the basis of these results, it
appears that there may be both similarities and important differ-
ences between the ability of unsaturated fatty acids to facilitate
the growth and viability of yeast cells and their capacity to protect
pancreatic b-cells against lipotoxicity (see Table 1).Table 1
Comparison of the ability of fatty acids to promote yeast cell growth and to protect BRIN-





























Methyl DHASince it has been proposed that, in yeast, the essential features
required to promote viability may reﬂect, in part, the ability of
fatty acids to regulate ER stress [2], we monitored this response
in BRIN-BD11 cells. For this purpose we studied the phosphoryla-
tion of eIF2a since this represents an appropriate surrogate for
induction of ER stress via the protein kinase RNA-like endoplasmic
reticulum kinase (PERK)-dependent pathway in fatty acid-treated
b-cells [9].
Culture of BRIN-BD11 cells with palmitate resulted in increased
phosphorylation of eIF2a, consistent with the induction of ER
stress. As seen for induction of ER stress in yeast, neither myristateBD11 cells against palmitate-induced cytotoxicity.


























Fig. 4. Effect of unsaturated fatty acids on phosphorylation of eIF2a. BRIN-BD11
cells were incubated under control conditions (C) or with 250 lM palmitate alone
(P) or palmitate plus 250 lM oleic acid (Ol), linoleic acid (LO), c-linolenic acid (LNL),
petroselinic acid (PS), vaccenic acid (VA) or nonadecenoic acid (ND) for 6 h. Protein
extracts were probed with antisera to phospho- or total-eIF2a and the bands
quantiﬁed by densitometry.
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BRIN-BD11 cells (Fig. 3). Treatment of cells with the methyl-ester
of palmitate was similarly ineffective as a stimulus for eIF2a phos-
phorylation (Fig. 3).
We next examined whether oleate or a variety of other unsatu-
rated fatty acids was able to alter eIF2a phosphorylation induced
by palmitate (Figs. 4 and 5). None of the unsaturated molecules
tested (or their methyl-esters) elicited any increase in phosphory-
lation of eIF2a when added to the culture medium alone (Fig. 5A
and B). More signiﬁcantly, all of the molecules tested markedly re-
duced the extent of eIF2a phosphorylation observed in cells cul-
tured with palmitate, consistent with a reduction in ER stress
under these conditions (Figs. 4 and 5). This was independent of
the status of the terminal carboxyl group of the fatty acids since
the free fatty acids themselves and their methyl-esters, were effec-
tive (Fig. 5). Hence, these results demonstrate that the availability
of a free carboxyl group is not a pre-requisite for either cytoprotec-
tion or the reduction of eIF2a phosphorylation in BRIN-BD11 cells.Fig. 5. Effects of unsaturated fatty acid methyl esters on eIF2a phosphorylation. (A) BRIN
of arachidonate (AA), methyl arachidonate (Me-AA), DHA (D) or methyl DHA (Me-D) alo
250 lM palmitate (P) in the absence or presence of 250 lM palmitoleate (P + PO) or me
phospho- or total-eIF2a and the bands quantiﬁed by densitometry.When considered in the light of additional data revealing that a
range of either free or methylated mono- and poly-unsaturated
fatty acids are cytoprotective in BRIN-BD11 cells [8], the present
results imply that there is considerable (but not complete) struc-
tural tolerance associated with the cytoprotective mechanism in
b-cells.
4. Discussion
It has been suggested that the ability of long chain fatty acids to
modulate the growth and viability of yeast cells may reﬂect their
capacity to regulate ER stress [2]. This hypothesis is consistent with
data obtained in various mammalian cells, including pancreatic b-
cells, cardiomyocytes, skeletal muscle and hepatocytes [1,11–15].
Hence, the mechanisms by which fatty acids regulate viability
may be conserved among eukaryotic cells and could relate to
changes in the induction of ER stress.
A number of the present observations, made in BRIN-BD11 b-
cells, support this view since, for example, those saturated fatty
acids which induce toxicity (e.g. palmitate) also cause increased
phosphorylation of the initiation factor, eIF2a; a characteristic re-
sponse seen during activation of the PERK-dependent pathway of
ER stress in mammalian cells [9,15]. By contrast, shorter chain sat-
urated species that are well tolerated by the cells (e.g. myristate
(C14:0) and laurate (C12:0)) failed to promote the phosphorylation
of eIF2a (Fig. 3). Additionally, a range of cytoprotective unsatu-
rated fatty acids were shown to antagonise the phosphorylation
of eIF2a seen in palmitate-treated cells, consistent with the possi-
bility that these molecules may act to alleviate ER stress.
Based on their studies in yeast cells, Deguil et al. [2] proposed
that the ability of fatty acids to inﬂuence the ER stress response
may depend on a complex interaction between parameters such
as the carbon chain length as well as the number, position and
stereochemistry of any double bonds. Together, these factors then
combine to inﬂuence the conformation and packing of individual
fatty acid molecules following their incorporation into the phos-
pholipids of the ER membrane. On this basis, it is considered that
the physical properties of any given fatty acid molecule will largely
determine the ﬁnal ER stress response. The present results in BRIN-
BD11 cells suggest that there is a strong correlation between
blockade of eIF2a phosphorylation by unsaturated fatty acids and-BD11cells were incubated under control conditions (C) or exposed to 250 lM each
ne or in the presence of palmitate (P) for 6 h. (B) Cells were either incubated with
thyl palmitoleate (P + Me-PO) for 6 h. Protein extracts were probed with antisera to
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relief of the PERK-dependent pathway of ER stress is inﬂuenced
less strongly by the chain length and location of double bonds in
unsaturated fatty acids than may be the case in yeast. Hence all
of the unsaturated fatty acids tested were able to attenuate the in-
crease in eIF2a phosphorylation caused by palmitate in BRIN-BD11
cells. This suggests that relief of ER stress in these cells may not be
determined solely by the physical properties of the unsaturated
fatty acid molecules.
On the basis of earlier work [2] it was suggested that relief of ER
stress is an important but not the sole determinant of the ability of
fatty acids to promote growth in yeast, since palmitoleate attenu-
ated ER stress but did not restore growth. This implies that the
intracellular processes which are permissive for yeast cell growth
during exposure to free fatty acids are different from those regulat-
ing cytoprotection in b-cells despite the fact that relief of ER stress
plays a role in both. In drawing this conclusion, it is also interesting
to note that palmitoleate stimulates the growth of BRIN-BD11 cells
[10] even though it does not do so in the yeast model employed by
Deguil et al. [2]. Conceivably, then, the relief of ER stress has a pro-
portionally greater inﬂuence on viability and proliferative potential
in b-cells than it does on the growth response in yeast.
These considerations lead to a second important issue; namely,
whether insertion of unsaturated fatty acid into the ER membrane
is absolutely required for cytoprotection in b-cells. To address this,
we examined the effects of a number of methyl-esters of fatty
acids whose carboxyl group is unavailable for thio-esteriﬁcation
to Co-enzyme A and which, as a consequence, should not be read-
ily incorporated into cellular lipids. Despite this, each of the unsat-
urated fatty acid methyl-esters tested blocked the increase in
eIF2a phosphorylation caused by palmitate, implying that they
were able to alleviate ER stress. Since these molecules are not
available for esteriﬁcation into phospholipids, the mechanism in-
volved is unlikely to reﬂect a change in the molecular composition
of the ER membrane. One caveat to this consideration, of course,
would be if the fatty acids were to be rapidly de-esteriﬁed upon
entry into the cells such that they are then rendered metabolically
active. However, we consider that this is unlikely for three princi-
pal reasons. Firstly, in previous work, we showed directly that the
methyl ester of palmitoleate is not routed into lipid products in
BRIN-BD11 cells, suggesting that it is not rapidly de-esteriﬁed
upon entry into the cell [10]. Secondly, in the present study, we
demonstrated that, unlike its parent free fatty acid, the methyl-es-
ter of palmitate does not lead to induction of eIF2a phosphoryla-
tion; a result which suggests that signiﬁcant amounts of free
palmitate are not generated from this molecule upon entry into
cells. This is consistent with earlier observations made by our-
selves [6] and others [16], revealing that methyl-palmitate is not
toxic to b-cells. Thirdly, we have demonstrated recently that incu-
bation of BRIN-BD11 cells with the methyl-ester of AA does not
lead to increased prostaglandin E2 synthesis, whereas free AA is
readily metabolised to yield PGE2 [8]. Taken together, these results
suggest very strongly that fatty acid methyl-esters are not de-
esteriﬁed signiﬁcantly during the time course of the present
studies in BRIN-BD11 cells.
One further issue that is pertinent to these considerations is the
possibility that methyl-esters of fatty acids may act to reduce the
inﬂux of underivatised molecules and thereby attenuate the lipo-
toxic actions of saturated fatty acids (such as palmitate) indirectly.
However, we consider that this is unlikely since the increased
incorporation of palmitate into triacylglycerol is not attenuated
by the methyl-ester of palmitoleate in BRIN-BD11 cells [10].
Overall, therefore, when comparing the present results with
those of Deguil et al. [2], it seems likely that there are important
similarities between the mechanisms by which fatty acids inﬂu-
ence ER stress responses in eukaryotic cells but that cleardifferences also exist. The strongest correlation relates to the
capacity of saturated fatty acids to promote ER stress. This appears
to relate directly to the physical properties of the molecules in both
yeast and BRIN-BD11 cells and suggests that incorporation of sat-
urates into the ER membrane may be required to induce an ER
stress response. When this is prevented (e.g. by provision of palmi-
tate as its methyl-ester) or if the saturated species do not adopt an
appropriate physical conformation (e.g. in the case of myristate)
then ER stress does not occur and no loss of viability is seen.
However, when b-cells are exposed to unsaturated fatty acids,
the situation is more complex. Alleviation of ER stress may, indeed,
be an important component of the cytoprotective actions of these
molecules, but this is regulated not only at the level of the ER
membrane itself but also by additional signalling factors. These
can be triggered by various unsaturated free fatty acids and also
by derivatives which are much less readily incorporated into the
phospholipids of the ER [8]. In this context, we have proposed pre-
viously that unsaturates may control the activity of one or more ki-
nases regulating the phosphorylation state of eIF2a [9] and the
present data remain fully consistent with this hypothesis. Thus,
we conclude that both the physical properties of unsaturated fatty
acids as well as other, more speciﬁc, signalling functions elicited
when these molecules impinge on the b-cell, are likely to be in-
volved in mediating cytoprotection.
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